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ABSTRACT During embryogencsis, pluripotent stein 
cells segregate into daughter lineages of progressively re- 
stricted developmental potendal. //z wVro, this process has 
been mimicked by the controlled differentiation of embryonic 
stem cells into neural precursors. To explore the development 
tal potential of these cell-cuiture-derivcd pr«cursoi*s in vivo, we 
have implanted them into the ventricles of embryonic rats. The 
transplanted cells formed intraventricular neuroepithelial 
structures and migrated in large numbers into thfe brain 
tissue. Embryonic-stem-cell-derived neurons, astrocytes, and 
oligodendrocytes incorporated Into tclcncephalic; dience- 
phalic, and mesencephalic regions aiid assumed phenoty pes 
indistinguishable from neighboring host cells. Tlieie obser- 
vations indicate that entirely in virn^-gencrated neural pre- 
cursor are able to respond to environmental signals guiding 
cell niigratioh and differentia Uon and have the potenUal to 
reconstitute neuronal aiid glial lineages in the centt^l nervous 
system. 


Tlie abihty to isolate, proliferate, and genetically manipulate 
embryonic stem (ES) cells is one of the major achievements in 
experimental biology (1, 2), The totipotency of these ceib has 
kindled numeroas efforts to generate tissue-specific precur- 
sors from ES cells i>i vUro. The controlled differentiation of ES 
cells into stem cells of defined lineages provides experimental 
access to early embryonic development and may eventually 
lead to alternative donor sources for tissue reconstruction. A 
central question concerning the biology of ES-cell-derived 
precureors is to what extent these cells resemble their in vivo 
counterparts. Are precursor cells generated outside the con- 
text of a multicellular organism sufficiently responsive to 
positional cues to participate in the development and histo- 
genesis of a living host? Hematopoietic stem cells derived from 
ES cells have, indeed, been shown to reconstitute the lym- 
phoid, myeloid, and erythroid lineages after transplantation 
into irradiated mice (3). During the last 3 years, several groups 
have demonstrated that mature neurons and glia can be 
derived from ES cells i/i Wr/x? (4-7). Recently, we have reported 
an efficient procedure for the generation of proliferative 
neural precursors from ES cells, fn vitro, these- precursors 
generate functional neurons, astrocytes, and oligodendrocytes 
(8). In VIVO reconstitution would be a more stringent test of the 
potential of ES ceUs to acquire central nervous system fates. 
The limited seif-renewal in the adult mammalian brain pre- 
cludes the kind of ablation and reconstitution experiments 
used to study in vivo differentiation of liematopoietic progen- 
itors. We have, therefore, used a different approach and 
introduced ES-cell-derived neural precursors into the devel- 
opmg braui. Previous studies have revealed that primary 
neuroepithelial precursors implanted into the ventricle of 
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embryonic rats incotporate extensively into the host brain and 
undergo region-specific differentiation into neurons and glia 
{9-11), Herein, we show that ES-cell-derived neural precur- 
sors grafted into the embryonic ventricle migrate into the host 
brain and contribute to all three principal lineages of the 
nervous system. Our results suggest that neuroepithelial pre- 
cursors derived from ES cells in the absence of positional cues 
can migrate and differentiate according to local signals in the 
host environment. 

MATERIALS AND METHODS 
ES Cell Culture. ES- cells (line Jl; ref, 12) were maintained 
on 7-irradiated fibroblasts in DMEM containing 20% fetal calf 
serum. 0.1 niM 2-mercaptoethanol, nucleosides, nonessential 
amino acids, and human recombinant leukemia inhibitory 
factor (1000 uuits/mi). Cells were passaged once onto gelatin - 
coated dishes and then aggregated to form embryoid bodies in 
bacterial dishes in tlie absence of leukemia inhibitory factor. 
Four-day-old embtyoid bodies were plated in tissue culture 
dishes and propagated for 5-12 days in ITSFn medium 
(DMJEM/F-12 containing insulin at 5 /xg/ml, transferrin at 50 
Mg/TOl, 30 nM selenium chloride, and fibconectin at 5 jLL<^/ml- 
ref. 8). A-or > 

Intrauterine TransplancaUon. Cells were trypsinized and 
triturated to single-cell suspensions in the presence of 0.1% 
DNase. Timed-pregnant Spiague-Da\yley rats were aaeithe- 
tized with ketamine hydrochloride (80 mg/kg) and xylazine (10 
mgAg). and 0.1-1 x 10^ cells were injected into. the telcnce- 
phalic vesicle of each embryo as described (11). 

Immunohistochcmistry. Zero to 15 days after spontaneous 
birth, recipients were anesthetized and perfused with 4% 
paraformaldhyde in PBS (stillborn recipients were fixed by 
immersion). Serial 50-/xm Vibratome sections were character- 
ized with antibodies to microtubule-associated protein 2 (Sig- 
ma, dilution, 1:200), nestin (dilution, 1:1,000), glial fibriUary 
acidic protein (GFAP; ICN. dilution. 1:100). (CNPase; Sigma 
dilution, 1:200), neurofilament (SMI311, Sternberger Mono- 
clonals, Baltixriore, MD; diluti©ftHt:50O), NeuN (Chemicon, 
dilution, 1:50), tyrosine hydroxylase (Eugene Tech IntI * 
Ridgefield Park. NJ; dUution. 1:200). M2 and M6 (refs. 13 and 
14; ddution, 1:10), Antigens were visualized by using appro- 
priate fluorophore- or pcroxidase-conjuga ted secondary an- 
tibodies. To assay alkaline phosphatase activity, sections were 
incubated at 3r'C in 100 mM Tris HCl, pH 9.5/100 raM 
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NaCl/SO mM MgCl2/nitrobluc tclrazolium at 0.3 mg/ml/5- 
hromo-4-chIoro-3-indolyl phosphate at 0.175 ing/tiij. After 
3-10 min. the staining was stopped by transferring the sections 
to 10 m^4Tris■HCI/l mM EDTA. Specimens were examined 
on Z^iss Axioplan, Ajtiovert, and Laser Scan microscopes. 

In Siiu Hybridization. Donor cells were identified by using 
a digoxigen in -end-labeled oligonucleotide probe to the mouse 
major satellite (15). DNA-DNA in situ hybiidization was 
performed as described (ll). Briefly, sections were treated 
with Pronase at 25 /xg/ml in 2X SSC/5 mM EDTA for 15 min 
at 37**C, dehydrated, and denatured in 70% forniamide/2X 
SSC at 85^*0 for 12 min. After dehydration in ice-cold etiianols, 
sections were hybridized overnight at 37*'C in 65% form- 
amide/2X SSC/salmon sperm DNA at 250 ptg/ml. Washes 
were 50% formaniide/2x SSC (30 min, 37*C) and 0.5X SSC 
(37"C, 15 min). Hybridized probe was detected by using 
alkaline phosphatase or flu oropho re-conjugated antibodies to 
digoxigenin (Boehringer). 

RESULTS 

Widespread Incoi^poraiion of ES-Cell-Dcrived Neural Pre- 
cursors into the Developing Brain. For transplantation, 4 -day 
cmbryoid bodies \yere plated on tissue culture dishes and 
grown in ITSFn medium. This medium has previously been 
shown to strongly select for neural precursors. (8). During the 
first 72 h in ITSFn, a large proportion of the cells died. Most 
of the remaining cells . acquired an elongated phenotype 
strongly reminiscent of neuroepithelial precursor cells. These 
cells also expressed nestin, an intermediate filament typically 
present in neural precursor, cells (16). After C days in IT^Fn 
medium, typically more than 80% of the cells were nestin- 
positive. The remaining cells showed varied morphologies with 
focal expression of SSEA-1 and keratin 8, i.e., antigens typi- 
cally expressed in undifferentiated embryonic tissues and 
primitive ectoderm (tefs. 17 and 18; data not shown). After 
5-1 2 days in ITSFn, cells were harvested and used for trans- 
plantation. Recipient animals were grafted between embry- 
onic day (E) 16 and E18 and sacrificed between postnatal da^ 
(?) 0 and P15. Clusters of donor cells were detected in the 
ventricles -of all successfully injected pups (see below). In situ 
hybridization revealed that large numbers of niousc cells left 
the ventricle and migrated into various host brain regions, 
including cortex, striatum, septum, thalamus, hypothalamus, 



Fio. 1. Distribution ot ES -cell -derived neural precursors after 
implantation into the telcnccpfaalic vesicle of E16-E18 rats. The 
schematic represents a midsagittal section through the brain of a 
newborn recipienL After leaving the ventricular system (solid areas), 
neurons (vertical lines) and astrocytes (horizontal Lines) occupy over- 
lying territories. Donor-derived neurons integrate preferentially into 
gray matter regions exhibiting neurogenesis until or beyond the time 
of implantation. ES-ccll-derived astrocytes also incorporate into white 
matter regions such as the corpus callosum (CC). CO, cortex; DP, 
dorsal pontine area; HY, hypothalamus; IQ inferior coUiculus; FG, 
periaqueductal gray; SC, superior coUiculiis; SE, septum; TH, thala- 
mus. Dooor-derived neurons and astrocytes were also detected in 
hippocampus (Fig. 3fi). olfactory bulb (Fig. 4W and ti), and striatum 
(Fig. 2£^. 


and tectum (Figs. 1 and 2/1, F, and K and Table I). The 
transplanted cells integrated individually into the host tissue 
and were only detectable by virtue of their genetic difference. 
The number of' incorporated cells varied considerably among 
individual recipients and brain regions. Quantitative stcreol- 
ogy and a detailed assessnieiit of donor cell survival and 
proliferation will be required to assess what proportion of the 
transplanted cells integrates into the host brain. Preliminary 
cell counts have revealed up to 650 incorporated cells in single 
coronal 5()-/i<m sections. 

Differentiation into Neurons and Glia. The differentiation 
of the incorporated cells was assessed by using antibodies to 
cell-type-specific antigens in conjunction with a mouse-specific 
DNA probe or. mouse-specific antibodies to M6 and M2 (13, 
14). Hybridized neurons expressing the neuronal antigens 
NeuN (19) and micro tubiile-associatcd protein 2. were de- 
tected attel-, di-, and mesencephalic levels (Fig, 2/and L).The 
shape, size, and orientation of these cells were indistinguish- 
able from adjacent host neurons (Fig, 2/),. Confocal laser 
microscopy allowed detailed reconstruction of individual phe- 
liotypes. ES-cell-derived neurons exhibited characteristic polar 
morphologies with segregation. of neurites into dendrites and 
axons (Fig. 2 and G). Both classes of iieurites firequently 
extended several hundred micrometers into the adjacent host 
neuropil (Fig! 2 G and //). Doaor-derived neurons were readily 
detectable at birth but appeared to undergo further morpho- 
logical matui-ation in the postnatal period. The example in Fig. 
2/Vf. shows an ES-cell-derived neuron with prominent dendritic 
spines in the thjilaraiis of a 2-week-old host. Neurons integrat- 
ing into the host cortex frequently displayed iiiorphol^ of 
projection neurons with long apical dendrites reaching into the 
superficial cortical layers and basal axons extending several 
hundred micrometers into the corpus callosum (Fig. 2 B-D). 
An example of a ES^ell-defived pyramidal neuron in the 
cortex of a neonatal host is shown in Fig. 2D. The donor 
neurons generated an extensive axonal network throughout 
the host gray and white matter, reaching from the most rostral 
regions such as the olfactory bulb to the brainstem (Fig. 3). 
Within the white matter, donor-derived axons frequently as- 
sembled into prominent fiber bundles running alongside host 
axoiis through the major axonal trajectories, including the 
corpus callosum (Fig. 3/1), anterior commissure, striatal fiber 
bundles (Fig. 3C), and various other endogenous fiber tracts- 
Gray matter regions exliibiting dense donor-derived axonal 
networks included cortex (Fig. 3X)i hippocariipus (Fig. 3B)y 
septum, striatum, thalamus (Fig. 3/>), hypothalamus, tegmen- 
tum, tectum, and brainstem; 

Astrocytes generated by the transplarited ES cells were 
found in a distribution similar to that of donor-derived neu^ 
rons, Tlie mostprorainenl accumulations were delected in tl>e 
ventral dieacephalon and in tectum. Tn addition, these cells 
efficiently incoqiorated into white matter regions such as the 
corpus callosum (Fig, 1), Donor-derived astrocytes strongly 
expressed M2, a species-spedfic antigen frequently used for 
the identification of mouise astrocytes in xenografts (Fig, 4 A 
and and ref. 21). Their asttoglial identity was confirmed by 
double labeling with an antibody to <3FAP of cells labeled with 
either the mouse satellite probe or the M2 antibody (Fig, 
Encountered only occasionally in newborn recipients, these 
cells were niore frequently detected in animals sacrificed at 
P15 (Table 1). ES-cell-derivcd astrocytes were morphologi- 
cally indistinguishable from their host counterparts, and 
GFAP immunofluorescence showed no differences in size or 
branching pattern between the two', populations. Typical for 
astroglia, donor-derived astrocytes often extended processes to 
adjacent blood vessels. 

In addition to neurons and astrocytes, donor-derived oligo- 
dendrocytes were found in the transplanted rat brains. The 
identity of these cells was confirmed by in situ hybridization 
with the mouse satellite probe and subsequent immunohisto- 
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uTi^duiUeu^^ixgS -''g- -"I laser .„icn,sc^py we« usTd to !Sio„s^« 

the. vc„tiic1c: iu,aW imo^W hosfc^L^'^i^leU ^d^^^^^^ '«'«"'=<=Ph'"ic. vesicle of an E17 rat. donor cells Have .eft 

a^U^f^r n^S^^^^^ fe-en dots) and .ubseSat in^i^t^^^orlsSn^^^^^^^ 

spines SS..^, ^^^^^^^^ ltT::r^:i^TZT^^^^^ ''^'^""^ with the presence Of dendHtic 

chemical detection of CNPase, a marker for myelin and 
oligodendroglia.(22), ES-cell-derived GNPase-positive oligo- 
dendrocytes were only detected : in the :b 2-week sur- 
vivors and their distribution was restricted to white matter 
regions such as the corpus callosum and striatal fiber tracts. 
Size, orientation, and CNPase expression of these cells were 
mdistiiiguishable from their host counterparts (Fig. 4 C and 

Formation of Mitotic Neuroepithclium. Cells remaining in 
the host ventricle formed large clusters containing prominent 
neuroepittielial formations. These formations were particu- 
larly prominent in tlie 2-week survivors and—upon cross- 
section injg— closely resembled . tightly packed neural tubes 
(Fig. S4). Individual tubes consisted of columaai epithelium 
with high mitotic activity at the luminal surface (Fig. 5^4 Inset). 


The epithelial cells showed strong expression of nestin (Fig. 5 
B and C) and brain fatty-acid-blnding protein (data not 
shown), antigens typically expressed in the early neuroepithe. 
hum (16. 23, 24). Cells expressing neuronal antigens, including 
microtubule-associated protein 2, neurofilament, and tyrosine 
hydroxylase, were restricted to the periphery of the forma- 
tions, suggesting an iuside-out gradient of differentiation (Fig. 
5D), Thus, by morphology, antigen expression, and gradients 
of proliferation and differentiation;- these structiires are very 
similar to the developing neuroepithelium. In addition, intra- 
ventricular grafts contained small clusters of still undifferen- 
tiated embryonic cells. These cells were easily recognized by 
their expression of alkaline phosphatase, an enzyme typically 
present in undifferentiated embryonic cells (25). Whereas 
clusters of alkaline phosphatase positive cells were frequently 
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Table 1. Differentia lion of ES-cell-derived neural precursors after 
transplantation into the embryonic rat brain 
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ES cells (line Jl) aggregated to etilbrydid bodies arid :gr6v/h for 5-12 
days in IT'SFn racdiuin .\vejre.Hhjetled:^^iatO;^^^ . 
rats. Rcdpients wcrc.sa«:ificedbctW 
neurons were identified /fey 

wttli immunobisStochcdiicat detection of :^^eU^^ o^ by exprdssioii ib^ lvl6 V 
and unequivocal morphologicar^irifecia X of dcndi1t<K?/iiTd.'': 

axons) . ES-ccl I -derived ; iasti|>cy t^Mt were de tccted w i th ah ahf ibOdy - to *; 
M2 or by DNA in ^i/ii;hy.bndizatibn in conjunction with .immiih.bhis-; .* 
tocbemical detection " of ;'GFAP. Intraventricular donor :ceU';;clU^^ *- 
were assayed for the'pfeScnce oT nestin-positive'iieitfoe^^^ 
mations (NEF), clusters of. undifferenUat<id;;:Tilkalf^^ 
positive cells (AP; + +y .nw nitrous. du^ter^^;^^ and ' 

differentiated nonneUraU-tiSsue^^ one 
recipient animal, The^iiircgriEiii^^^ 

dividual variability. Theie /is^ah .iH and a decrease 

of AP-pasitivc cells with ihcrcasitvg "siirvival time. T, telencephalon; D, 
diencephaion; M. mesencephalon. 

encountered in newborn animals, they were only obcasionaUy 
detected in the 2-week isurvivors, arguing for a gradual differ- 
entiation of the embryonic cells. Disappearance of the alkaline 
phosphatase-positive cells was inversely correlated with, the 
emergence of nonneural tissue in the P15 animals, where 
occasional islands containing adenoid structures, cartilage, 
and epidermis were found witliin the intraventricular clusters 
(Table \). These observations indicate that undifferentiated 
embryonic cells present in the transplanted cell stuspensioh 
form intraventricular teratomas. 


DISCUSSION 

Our results demonstrate that ES-cell-derived neural precur- 
sors transplanted into the developing mammalian brain arc 
able to generate neuronal and glial lineages. Upon, injection 
into the telencephalic vesicle of fetal rats, the donor cells leave 
tlie ventricle'' and migrate into tlie recipient brain, where they 
differentiate into neurons, astrocytes; and oiigodendrocytes, 
Incorpo ration of the transplanted cells is not random but 
occurs in patterns compatible.with tlie host brain development. 
The donor cells integrated preferentially into cortex, hip- 
pocampus, striatum, septum, the medial diencephalic nuclei, 
and tectum. Tliese regions are known to continue neurogenesis 
until or even beyond the time of transplantation (26). Tem- 
porally, neurons, astrocytes, and oligodendrocytes appeared 
successively. Few astrocytes were present neonatally when 


Fto, 3. Extertsivc axoiial innervation of the host brain- The ES- 
cell-derived neurons generated a dense axonal network within the 
recipient brains. Abundant M6-posiUve axons were found at all levels 
in bolli gray and white matter. {A) Donor-derived axons in corpus 
caliosum (cc) and deep layer cortex (co) of a 2-weck-old recipient, (fi) 
Axonal innervation of the hippocarapal stratuai oriens. The M6 
immunofluorescence also depicts the perikaryon (arrow) and den- 
drites (arrowheads) of a large horizontal neuron in the upper sti*atum 
oriens- The morphology of this cell is very similar to the outline of 
Golgi-impregnated horizontal neurons in this area (20). (C) Abundant 
' dbnor-dcrivcd axons in a striatal fiber tract Of 2-wcek-old recipient 
■brain, (D) ES-ocI! -de rived axons in the thalaatus of a newborn 
;:r«cipient transplanted at E17. (Bars .=. 50 /xm.) 

. Goinpared with 2-week-old recipients (Table 1), and oligoden- 
drocytes were only detected in the P15 auninials. This delayed 

/appeariance of glial cells corresponds well with the timing of 
host gliogenesis that has been shaWn fb/b^^ primarily a postnatal 

. event (27). In addition, neuroiiS andij^ia^ differences in 

their distribution. AUhougfr neurpns ;i^^ preferen- 

. tially into gray matter regions, astrocytes invaded both gray 
and white matter, and qligodendrocytes were found only in 
fiber tracts. These observations indicate that neural precursors 



FigV4:- Ihcoipoi^tion of ES-beil^er^^^ ES^eU- 
derivcd astrocytes have migrated into the granular layer (g) of the 
olfactory bulb of a 2-week-old host. Cells are visualized with an 
aiuibody to the mouse-specific antigen M2 (red), SVZ, olfactory 
subventricular zone. An individual astrocyte, double labeled with an 
antibody to GFAP (green), is shown in (C and D) ES -eel I -derived 
oligodendrocytes in the rostral (C) and caudal (O) corpus callosuni of 
a 2-wcck-old host brain. Tlie donor cells, identified, by DNA in sifu 
hybridization (black), arc morphologically indistinguishable from ad- 
jacent host oligodendrocytes. Host- and donor-derived oUgodendro- 
cytes exhibit equivalent immunorcactivity to CNPase (red). {Bars = 
100 p-m (A) and 10 p.m {B-D).\ 
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Fro. 5. Generation of neuroepithelial formatious. {A and /?) Eight 
days after intrauterine transplantation, the donor cells have generated 
numerous neural tube-like strucuircs within the host ventricle. Like 
the developing ncuml tube, these structures exhibit high mitotic 
activity at the lummal surface (X) (hcniatoxylin/eosin; arrows in /wc/ 
indicate mitotic figures) and strong expression of the intermediate 
filament nestin (B). (C and O) Ncuroepitlaelial formation ill the 
ventncle of a 2-wcek-old animal transplanted at El 8. The formation 
contains abundant radially oriented ues tin-positive processes (C). As 
in the early ncuroepithelium, there is an inside-out gradient of 
differentiation witli neuronal markers being expressed at the periph- 
ery of tlie formation {D) (green, tyrosuic hydroxylase; red, M6; *, 
center of formation). [Bars - 100 \m\ (A and D) and 20 0 and 

derived from ES cells and transplanted into the mammal iaa 
brain are susceptible to environmental cues guiding cell fate 
determination and differential migration: Furthermore, do- 
nor-derived neurons appear to respond to local differentiation 
cues. This is particularly evident in cortex, where they acquired 
morphological features characteristic for cortical projection 
neurons, including a pyramidal cell body, long apical dendrites, 
and basal axons projecting into the corpus callosum (Fig. 2 
B~D). The innervation of the host brain by the transplanted 
cells furtlier suggests that donor-derived neurons remain re- 
sponsive to host-mediated axon guidance. Delectable at all 
levels of the recipient brain, donor-derived axons bundled and 
extended through the luajor host trajectories, rutining along- 
side endogenous axons and obeying the border of the fiber 
tracts (Fig, 3C)- Donor-derived astrocytes and oligodendro- 
cytes were similarly indistinguishable from their endogenous 
counterparts and only detectable by virtue of their genetic 
difference- Donor and host glia exhibited equivalent expres- 
sion of the cell -type-specific antigens GFAP and GKPase. 
Many of the ES-cell-dcrived astrocytes assumed perivascular 
locations, with one or several processes extending to the 
capillary wall— a feature typically observed in astrocytes in- 
volved in blood-brain barrier formation (data not shown). 

The migration and differentiation patterns of the trans- 
planted ES cells are in accordance witli those obtained after 
mtrauteriae transplantation of primairy cells derived from the 
embryonic brain (9-11). In both cases, the donor cells incor- 
porate preferentially into regions exhibiting protracted neu- 
rogenesis uutU late gestation and adopt local phehotypic 
features- These observations indicate that primary neurocpi- 
thchal cells and neural precursors derived fiom ES cells 
respond very similarly to environmental cues. Our data 
strongly suggest that neuroqjithelial cells generated in vUro 
from ES cells can act as neural precursors itt vivo and con- 
tribute neurons and glia to the developing mammalian brain. 
These fmdings significantly extend results of previous studies . 
showing that rctinoic acid-induced ES cells exhibit antigenic 


and electrophysiological properties of neurons and glia in vitro 
(4-7) and that the differentiated plienotype of retinoic acid- 
induccd ES or teratocarcinoma cells can be maintained after 
transplantarion into the adult brain (28-32). hi contrast to 
these studies, we were less interested in the forceful induction 
and subsequent maintenance of a neuronal phenotype but 
rather in the interaction of still undifferentiated neural pre- 
cursors with the developing brain. The widespread neuronal 
and ghal integration obtained after transplantation of ES-ceil- 
derived precursors provides an impressive example for the 
dominant role of non-cell-autononious signals during neural 
migration and differentiation. The fact that a ceTl never 
previously exposed to a nervous system is able to migrate into 
cortex and to differentiate into an appropriate local phenotype 
illustrates that cell communities in individual brain regions 
harbor sufficient cues to maintain their local identity and to 
foster their own development through precursor cell recruit- 
ment. 

It is a well-described phenomenon that ES cells transplanted 
to an adult host frequently develop teratomas and teratocar- 
cinomas (for review, see ref; 33). In striking conuast, both ES 
and teratocarcinoma <iells have been shown to participate in 
normal development upon introduction into early embryos at 
the blastocyst stage (for review, see ref. 34). Our observations, 
along with similar studies on ES -eel I -de rived hematopoietic 
progenitors (3), provide an interesting intermediate between 
these two scenarios. They show that the ability to participate 
in normal development is not restricted to undifferentiated ES 
cells but extends to their more diifferentiated progeny. Neural 
and hematopoietic precursors derived from ES cells in vitro are 
able to reconstitute neural and hematopoietic lineages after 
transplantation into living hosts. It is likely that such a con- 
tribution to host tissue formation requires close physical 
contact between the transplanted cells and the target tissue. 
One explanation for the conspicuous formation of neural 
tube-like structures within the host ventricles might be that ES 
cells differentiated into neural precursors but phj^ically sep- 
arated from the brain tissue are not sufficiently exposed to 
local cues mediating precursor cell recruitment and thus 
develop autonomously into primitive nervous system tissue. ES 
cells not sufficiently differentiated into neural precursors 
might evade recruitment because they are unable to respond 
to tissue-specific guidance cues. Because of their pluri potency, 
these cells can develop into a variety of tissues. Islands of 
nonneural tissue observed within the intraventricular clusters 
are most likely derivatives of still undifferentiated ES cells 
present in die transplanted cell suspension. 

Although our results outline the developmental potential of 
in varci-generated neural precursprs at a basic aeurobiological 
level, the in vivo |-ecohstitution of neuronal and glial lineages 
by transplanted ES-cell-derived donor cells rnight eventually 
be exploited for cell replacement strategies. This idea receives 
strong impetus from recent findings implying that embryonic 
stem cells can be obtained from adult tissue by transferring 
nuclei of differentiated cells into oocytes (35), a perspective 
offering tlie possibility to generate virtually unlimited numbers 
of tissue-specific and genetically modified donor cells from the 
same iudividual. Transplant experiments iri rodents further 
indicate that the adult brain may retain some of the cues 
required for regional cellular differentiation (36-38); These 
observations would suggest that region-specific differentiation 
of transplanted ES-cell-derived precursors is not limited to the 
developing. nervous system. The feasibility of ES-cell-based 
replacement strategies will critically depend on the ability to 
generate highly purified donor populations susceptible to host 
regulation. 

■ Tlie possibility of introducing ES-cell-derived neurons and 
glia into the developing nervous system also offers an exciting 
approach for the study of neurological mutants. The rapid 
proliferation of ES ceils and their susceptibility to genetic 
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manipulation allows the genera tioii of large numbers of ge- 
netically modi Bed donor cells: Tlie properties of these cells can 
then be assayed in vivo in a wild-type recipient brain. The data 
presented herein show that the full range of neuronal and glial 
pheno types might be accessible with this approach. Analysis is 
not restricted to cell migration and differentiation but may 
include aspects such as axon outgrowth and. guidance, myeli- 
nation, and the susceptibility of distinct genotypes to degen- 
erative and neoplastic brain disease. Transplantation of ES- 
cell-derived neural precursors should be especially useful for 
the analysis of targeted gene deletions. Homozygous knockout 
ES cells from mutants exhibiting v^ry early embryonic lethality 
can be differentiated in vittv and their neUra! offspring can be 
analyzed in the context of a developing brain. Incorporation of 
ES-ceU-derived precursors into the central nervous system also 
offers the possibility to analyze the neural phenotype of null 
mutants without prior generation of a knockout animal. 
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